Cooling rate and composition dependences of the magnetic susceptibility for Zr 54¹x Cu 30+x Al 8 Ag 8 glassy alloys which are candidate materials for magnetic resonance imaging (MRI) were investigated. Lower magnetic susceptibility was achieved by reducing Zr content in the present series of the alloys, and also by higher cooling rate during the preparing glassy alloys. The magnetic susceptibility values were hard to be explained by the simple free-electron model. It is suggesting that the effects of the enhancement of the density of states by 4d-conduction band should be taken into the consideration. The results obtained by utilizing the pair correlation functions suggested that the different magnetic susceptibilities between the ribbon and bulk glassy alloys were originated from the structural difference in the middle range order caused by the different cooling rates. [
Introduction
Magnetic resonance imaging (MRI) technique is available for high quality diagnosis and early detection of serious diseases. This kind of high quality diagnosis requires higher applied magnetic field to enhance the image quality more and more. On the other hand, for implant materials, the corrosion resistant materials with excellent mechanical properties such as Ti-based alloys, CoCr-based alloys and stainless-steels are considered, however, they exhibit commonly high magnetic susceptibility. When these materials are implanted into the human body, severe artifacts are caused by their high magnetization in applying strong magnetic field under the operation of MRI, resulting in significant degradation of the quality of imaging diagnosis. 1, 2) Importance of new biomaterials having low magnetic susceptibility is increasing for coming true of high quality diagnosis. 35) Recently, Suyalatu et al. reported that Zr3Mo alloy (Zr based 3 at%Mo alloy) showed a low magnetic susceptibility of 1.03 © 10 ¹6 cm 3 /g, and the value is also smaller than that of the usual biomaterials such as CoCrMo alloy (7.5 © 10 ¹6 cm 3 /g) and Ti6Al4V alloy (3.0 © 10 ¹6 cm 3 /g). 6) Moreover, Nomura et al. have reported that a Zr 48 Cu 36 Al 8 -Ag 8 glassy alloy with high glass forming ability 7) has low magnetic susceptibility of 0.8 © 10 ¹6 cm 3 /g, 8) and they concluded that the Zr 48 Cu 36 Al 8 Ag 8 glassy alloy is a good candidate material for MRI.
Since the Zr 54¹x Cu 30+x Al 8 Ag 8 glassy alloys, which are mainly constructed of non-magnetic elements, they are expected to have low-magnetic susceptibility and high glass forming ability in wide composition range (Zr/Cu). Therefore, we have systematically investigated the magnetic susceptibility with changing the alloying composition and cooling rate for the optimization with the Zr 54¹x Cu 30+x Al 8 -Ag 8 glassy alloys.
Experimental Procedures
Master ingots of the Zr 54¹x Cu 30+x Al 8 Ag 8 (x = 0, 6, 12, 18 and 24 at%) were prepared by an arc-melting method in an Ar atmosphere. Glassy alloys of ribbon and bulk samples were made by a melt-spinning method and a tilt-casting method, 9) respectively. The obtained ribbon samples of the glassy alloys have about 30 µm in thickness and 23 mm in width. The bulk samples of the glassy alloys with 7 mm or 10 mm in diameter were cut into disc shapes of 1 mm in thickness for the measurements. The structure of the bulk and ribbon samples was investigated by pair correlation function using X-ray diffractometry (XRD) in reflection with a monochromatic CuK¡ radiation (0.1542 nm). The pair correlation function 10, 11) is expressed by following function.
Here, μ is density, Q is structural function, i(Q) is interference term, which is calculated from ðI eu ðQÞ À hf 2 iÞ=hfi 2 , where f is atomic scattering amplitude, and r is interatomic distance for a radial direction. I eu is standardized scattering intensity, and the theoretical scattering intensity can be expressed as the sum of a square of atomic scattering amplitude, Compton scattering and fluorescent X-ray intensity. Although the Mo K¡ radiation with short-wavelength (0.7107 nm) is generally used for analyzing with using the pair correlation function, the CuK¡ radiation was selected in the present study because the MoK¡ radiation causes large fluorescence and small S/N (signal-noise) ratio for the experiments in Zrincluded alloys. Density was measured by the Archimedes method utilized a tetra-bromo-ethane. The magnetic susceptibility was measured at room temperature by a vibrating sample magnetometer (VSM-5, by TOEI INDUSTRY Co. Ltd., Japan) and SQUID magnetometer at 300 K up to about 1 T (10 kOe). Figure 1 shows XRD profiles of the bulk and ribbon samples for the Zr 54¹x Cu 30+x Al 8 Ag 8 glassy alloys. All of the profiles show typical halo-peaks meaning amorphous structure, which do not precipitate a crystalline phase. On the other hand, although we tried to prepare amorphous structure including higher copper content than the glassy alloys in a preliminary experiment, it was difficult even the ribbon sample. Table 1 gives the obtained values of the density and the magnetic susceptibility for the Zr 54¹x Cu 30+x Al 8 Ag 8 glassy alloys. The magnetic susceptibility of Zr 54¹x Cu 30+x Al 8 Ag 8 glassy alloys can be detained from linear coefficient of the magnetization as a function of magnetic field measured at 300 K as shown in Fig. 2 . Figure 3 draws the relation of the Zr-content and the magnetic susceptibility for bulk and ribbon samples based on the list of Table 1 . As shown in Fig. 3 , magnetic susceptibility of Zr 54¹x Cu 30+x Al 8 Ag 8 glassy alloys showed by open and closed circles decreases linearly with reducing Zr content, and it is noted that the bulk and ribbon samples have different values even in the same content. Details of the composition dependence of the magnetic susceptibility will be explained in discussion part. 14) the cut region of the ghost peaks is plausible. From the comparison of the pair correlation function, shapes of the function curves are similar. However, the function curves between several peaks located in 0.30 to 0.70 nm slightly shift with change of the composition in both the ribbon and the bulk samples. Figure 6 is picked up the function curves of bulk and ribbon samples of Zr 48 Cu 36 Al 8 Ag 8 glassy alloys from Figs. 3 and 4 , to compare the function curves of the different cooling rates in the same composition. It can be noted that large peaks located in 0.30 to 0.40 and 0.70 nm in radius are overlay each other. However, other smaller peaks located between 0.50 to 0.60 nm seem to slightly shift. It indicates that the structure in the middle-range order is different, whereas local structure located in the range of 0.30 to 0.40 nm in radius is almost the same with change of the cooling rate.
Results
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Discussion
In general, magnetic susceptibility of the Pauli-type paramagnets is simply expressed by sum of two contributions of the conduction electrons and ion in closed shell as follows. 15, 16) 
Based on the free electron model, » free is expressed as;
; 1:243 Â 10 À6 ðA=μÞ 2=3 ðe=aÞ 1=3 (3-2) Here, ® B and N(E F ) are Bohr magneton and number of the electrons at the Fermi energy, respectively. In many cases, the » free can be conveniently estimated from the eq. (3-2). A, μ and e/a are atomic weight, density and a number of the electrons per atom, and are applied from listed values shown in Table 1 , respectively. Selected values of the e/a are 4, 11, 3 and 11 for Zr, Cu, Al and Ag, respectively, and are modified with the alloy composition as shown in Table 1 . On the other hand, » ion is expressed as; 
Here, N 0 and Z e are Avogadro number and number of electrons in closed shell. ® 0 and e are permeability in vacuum and an electric charge of an electron. m 0 and r are mass of electrons and radius of an electron orbit, respectively. As indicated in eq. (4), » ion is given by factor of Z e and r, and has been systematically and theoretically determined by Angus et al. 17) Since Mizutani 18) has suggested that the theoretical values predicted by Angus are reasonable to the actual values as ion contribution to the magnetic susceptibility, thus the Angus model is referred in the present. Expected ionic magnetic susceptibilities based on the Angus model are also listed in Table 1 . The » est , estimated from » free and » ion are shown in Fig. 3 , together with the experimental values. As shown in the Fig. 3 , it is clear that the values of » free are one order smaller in their magnitude than that of the experimental values. A large difference between them would be caused by underestimation of the contribution of the conduction electrons to the magnetic susceptibility. It is thought that the actual value of N(E F ) will be enhanced by the local band due to the 4d electrons of the Zr element, and it is known that N(E F ) has linear relation with electronic specific heat coefficient, £. Therefore, N(E F ) can be roughly estimated experimentally by low-temperature specific heat coefficient, as follows.
Here, k B is Boltzmann constant. £ for the ZrCu binary amorphous alloy with a composition dependence is given by Garoche and Bigot, 19) and £ of Al and Pd added ternary and quaternary amorphous alloys into the ZrCu binary alloy are also given by Wencka et al. 20) From their reports, £ of ZrCu binary alloy shows parabolic composition dependence, and is decreased significantly with decreasing of Zr content at low-Zr content region. On the other hand, £ of Al included ternary alloy becomes small than the binary alloy of same Zr content, and the difference between them reaches approximately 0.2 mJ/mol K 2 . Moreover, since £ of Pd included quaternary alloy is hardly different from the ternary alloy compared with the influence of Al in the binary alloy, £ of the present study can be conveniently expected as £ = £ (binary alloy of ZrCu) ¹ £ (difference of between binary and ternary alloys) as shown in Table 1 . Summation of the Pauli-type paramagnetic susceptibility, here, the enhancement of the density of states due to the 4d-conduction band is considered, is indicated as » est* = » ele + » ion . The » ele is estimated as corrected values of the » free from the eq. (3-1) utilizing the relation of eq. (5). The composition dependence of » est* is shown in Fig. 3 . Although the experimental values of £ are lack for the present alloys, so reported values of ZrCuAl amorphous alloys are referred. As shown in Fig. 3 , the experimental magnetic susceptibility is in good agreement with the magnetic and the composition dependence. For the comparison of the measurement susceptibilities between the ribbon and bulk samples, it is expected that the difference of absolute value is would be due to the structural difference, when the alloy structure varies with the fabrication can be interpreted. Mizutani 18) has also explained that the difference between the expected and measured paramagnetic susceptibility is influenced with many-body effect, and it is possible to interpret as structural difference of the glassy alloys. The structural difference of the glassy alloys originated from different cooling rates is already reported by Louzguine-Luzgin et al. 21) The structural difference is concluded to depend on the different size of free-volume (like as atomic vacancy depends on clustering structure and other factors) by fine-structural observations utilized transmission electron microscopy (TEM). The total amount of free-volume can be estimated from density measurement of the glassy alloys, but the difference of free-volume can not be seen clearly in case of the present study. Although reason of the appearance behavior of density independent of the alloy composition can be expected that the different of density is much small and settles in error range of the measurement, the free-volume estimation by density measurement might be overlooked a size and distribution of the free-volume.
Figures 46 show the pair correlation functions of the bulk and ribbon glassy alloys. Although the composition dependence of the magnetic susceptibility as compared from Figs. 4 and 5 is not significant, a slight shift of the pair correlation function curves can be confirmed. The different of the pair function curves is interpreted by the structural difference of the middle range ordering, i.e., different structure of cluster related the free-volume size of the ribbon and bulk glassy alloys. This means, basis structure of cluster is settled because short range ordering is hardly influenced by the cooling rate, but a jointing distance between the clusters interpreted to the middle-range ordering is influenced. In case of the Zr 54¹x Cu 30+x Al 8 Ag 8 glassy alloys investigated in this study, although the total amount of freevolume dependent on the cooling rate is not significant, the fine structure change is enough to result in the magnetic susceptibility change.
Conclusions
We have investigated the magnetic susceptibility of Zr 54¹x Cu 30+x Al 8 Ag 8 glassy alloys to clarify influence of the alloy composition and the cooling rate. A large difference between the experimental magnetic susceptibility and estimated value based on the free electron models is shown, suggesting that the density of states associated to the 4d electrons are somewhat localized around the Fermi energy. It is also indicated that the magnetic susceptibility for ribbon and bulk glassy alloys is slightly different. This would be caused by the structural difference in the middle range ordering due to the different cooling rates.
